Adeno-associated viral (AAV) vectors have shown promise as a platform for gene therapy of neurological disorders. Achieving global gene delivery to the central nervous system (CNS) is key for development of effective therapies for many of these diseases. Here we report the isolation of a novel CNS tropic AAV capsid, AAV-B1, after a single round of in vivo selection from an AAV capsid library. Systemic injection of AAV-B1 vector in adult mice and cat resulted in widespread gene transfer throughout the CNS with transduction of multiple neuronal subpopulations. In addition, AAV-B1 transduces muscle, β-cells, pulmonary alveoli, and retinal vasculature at high efficiency. This vector is more efficient than AAV9 for gene delivery to mouse brain, spinal cord, muscle, pancreas, and lung. Together with reduced sensitivity to neutralization by antibodies in pooled human sera, the broad transduction profile of AAV-B1 represents an important improvement over AAV9 for CNS gene therapy.
INTRODUCTION
Adeno-associated viral vectors have emerged as one of the preferred delivery agents for clinical gene therapy. In 2012, Glybera, an adeno-associated virus (AAV)-1 vector encoding lipoprotein lipase, became the first gene therapy product to receive marketing approval in the European Union. 1 Other clinical trials using AAV vectors have yielded positive outcomes. [2] [3] [4] Several clinical trials for neurological disorders have shown excellent safety profiles, but therapeutic impact has been relatively modest. [5] [6] [7] [8] [9] [10] A majority of these central nervous system (CNS) trials involve direct injection of AAV vectors into the brain parenchyma. While this approach has been successful for gene transfer to a localized structure of the CNS, most neurodegenerative disorders exhibit cell loss in multiple structures, including amyotrophic lateral sclerosis, frontotemporal dementia, Rett syndrome, and Huntington's disease, among others. Achieving efficient widespread neuronal gene transfer is therefore crucial for the development of effective new therapies for a majority of neurological diseases.
Systemic administration of AAV9 through the vasculature mediates widespread gene transfer in the neonatal CNS. 11, 12 The blood-brain barrier is however fully formed by adulthood and poses the greatest obstacle to successful transduction of adult CNS by systemic AAV delivery. AAV9 was the first capsid shown to cross the BBB in both neonate and adult animals after intravascular infusion, 12 and has become the standard for systemic AAV-mediated CNS gene therapy. [13] [14] [15] [16] [17] [18] [19] However, the neuronal transduction of AAV9 in adult animals after systemic administration is scant, 12, 20 except in spinal cord motor neurons, 12, 21, 22 as well as neurons in the dorsal root ganglia, 21 and enteric nervous system. 23, 24 The resulting therapeutic consequence is illustrated by the decrease in motor neuron transduction and accompanying decline in phenotypic rescue with age of treatment by intravascular administration of an AAV9-SMN vector in spinal muscular atrophy mice. 13 There is therefore a need for novel AAV vectors capable of greater neuronal gene transfer in the adult brain after systemic delivery.
The AAV virion consists of a nonenveloped icosahedral capsid, comprised of 60 subunits of VP1, VP2, and VP3 capsid proteins in a ratio of ~1:1:10, and an encapsidated single-stranded DNA viral genome. In addition to protecting the genome, the capsid mediates interactions with cell surface receptors and postentry intracellular trafficking and as such, is the major determinant of tropism. The biodistribution of AAV depends largely on the amino acid sequence of nine surface exposed loops (variable region, VR-I to -IX) in VP3, which vary across capsids. 25, 26 The cell-surface receptors used by AAV to interact with host cells are known for some capsids, [27] [28] [29] [30] but the knowledge remains incomplete on all structural determinants responsible for AAV tropism. The majority of AAV capsids currently being used in research and in clinical trials are natural variants isolated from non-human primate and human tissues. [31] [32] [33] Capsids of these natural isolates can be engineered to generate novel AAV capsids with enhanced properties. 34 Directed molecular evolution is a high-throughput method used to generate new AAV capsids capable of transducing target cell populations. [35] [36] [37] The process of directed evolution simulates that of natural evolution, where selective pressure yields genetic variants with specific biological properties. In contrast to natural evolution, large pools of genetic variants are present simultaneously in directed evolution, thus compressing the time of selection from geologic timescales to a matter of weeks or months. Unlike other capsid modification methods based on rational design (e.g., peptide grafting, receptor targeting, or detargeting), directed evolution or library screening does not require prior knowledge of molecular events involved in the selection process. A caveat of in vitro directed evolution of AAV is that it cannot simulate complex biological events, such as crossing bloodorgan barriers after vascular infusion where capsids encounter a myriad of serum proteins and small molecules as well as the fluid dynamics of blood flow. A few studies have succeeded in selecting new capsids by in vivo biopanning of AAV capsid libraries. These include synthetic capsids capable of targeting cardiomyocytes, 38 crossing the seizure-compromised blood-brain barrier, 39 transducing photoreceptors from the vitreous humor, 40 or targeting xenotransplanted human hepatocytes. 41 Recently, two re-engineered capsids, AAV-AS 42 and AAV-PHP.B 43 were shown to be superior to AAV9 for systemic gene delivery to the CNS and capable of high efficiency neuronal transduction. Here, we used in vivo selection to isolate new AAV capsids effective for CNS gene transfer.
RESULTS
Single round of selection in mouse yields novel synthetic capsids We sought to isolate chimeric AAV variants capable of CNS transduction upon systemic delivery in adult mice after one round of library selection (Figure 1a) . We constructed an AAV capsid library by DNA shuffling of AAV1, 2, 4, 5, 6, 8, 9, rh8, rh10, rh39, and AAVrh43 capsid genes. The parental capsids were chosen for their ability to transduce CNS upon intravenous delivery in neonatal mice. 11 The plasmid library had a maximum diversity of 2 × 10 7 capsids, based on transformation efficiency. Sanger sequencing of individual capsids from the viral library confirmed the chimeric nature of capsid genes in the library (Supplementary Figure S1 ). The AAV library was infused into adult C57BL/6 mice via the tail vein at 1 × 10 11 or 5 × 10 11 genome copies, and tissue resident capsid genes were polymerase chain reaction (PCR) amplified from brain and liver after 3 days. Of capsids isolated from brain, AAV-B1 was the only one amplified from the mouse infused at the lower dose, while AAV-B2, B3, and B4 were isolated from the high dose. In contrast, numerous capsids were found in liver of mice infused at either dose, the major depot organ of systemically infused AAV. All new AAV capsid genes were chimeric, but the VP3 capsid genes of brain clones (AAV-B1 through B4) were mostly comprised of DNA derived from either AAV8 or AAVrh43 (Figure 1b) , while liver-isolated capsid genes were more diverse (Figure 1c) . Analysis of capsid protein sequences revealed greater homology between capsids isolated from brain (97.3% pairwise homology) (Figure 1d ) compared to capsids isolated from liver (88.6% pairwise homology) (Figure 1e ).
Brain-selected AAV-B1 transduces mouse neuronal populations, and is superior to AAV9 for CNS gene transfer The CNS transduction profile of AAV-B1 was assessed after systemic delivery in adult mice using a green fluorescent protein (GFP) expression cassette (Figure 2a) . AAV-B1 vector transduced neuronal, glial and endothelial populations throughout the CNS (Figure 2b, Supplementary Figures S2 and S3) . Neuronal transduction was apparent in multiple regions of the cerebral cortex (Supplementary Figure S3a) , including the primary (Figure 2b Figure S2) motor and somatosensory cortices, cingulate cortex and piriform (olfactory) cortex (Figure 2b) . The majority of cortical neurons transduced were pyramidal cells in layer III, although transduced neurons in layers V and VI were also apparent (Supplementary Figure S3a,b) . A sparse number of DARPP32-positive medium spiny neurons in the striatum were found transduced (Supplementary Figure S3c) . In the hippocampal formation, we found transduced granule cells in dentate gyrus (Figure 2b, Supplementary Figure S3d ) and pyramidal neurons in CA1-CA3 areas (Supplementary Figure S2) . Similar patterns of gene transfer to hippocampal neurons have been reported for AAV9. 44 Neurons in the thalamus (Figure 2b,  Supplementary Figure S3d In addition to the neuronal tropism, AAV-B1 also transduced endothelial cells in the brain and spinal cord identified by the distinct morphology of blood vessels in CNS and confirmed by costaining for CD31 (Supplementary Figure S3g) . AAV-B1 also transduced glial cells such as mature oligodendrocytes (identified by costaining for APC) (Supplementary Figure S3h) and astrocytes (identified by morphology) (Supplementary Figure S3i) . Figure S2) .
Strong transduction of the choroid plexus was also apparent (Supplementary
AAV-B1 has higher neuronal transduction efficiency compared to AAV9 in motor cortex (9.30% ± 1.6 for AAV-B1 versus 0.09% ± 0.05 for AAV9, or 107.4-fold), thalamus (8.54% ± 1.5 versus 0.29% ± 0.11, or 29.8-fold) and in motor neurons of the spinal cord (38.6% ± 3.2 versus 2.0% ± 0.8, or 19.3-fold), while the differential in percentage of transduced neurons is more modest in the striatum (1.79% ± 0.35 versus 0.56% ± 0.30, or 3.2-fold) (Figure 3a) . Quantitative analysis of AAV vector genomes in different regions of the CNS revealed 5.8-to 14.5-fold higher content for AAV-B1 compared to AAV9 (Figure 3b) . GFP protein levels throughout CNS were also consistently higher for AAV-B1 compared to AAV9 (Figure 3c ).
AAV-B1 as a global gene therapy vector
Next, we assessed the peripheral transduction profile of AAV-B1. Liver transduction by AAV-B1 was lower than AAV9 as assessed by histological examination of GFP expression (Figure 4a) . The vector genome content of AAV-B1 liver was 3.6-fold lower than AAV9 (Figure 4b ), while the GFP protein levels in liver were 2.2-fold lower for AAV-B1 (Figure 4c ). AAV-B1 proved to be highly efficient in transducing skeletal muscle and heart (Figure 4d 11 vg AAV-B1 or AAV9 (N = 4 animals per group). Age-matched noninjected mice were included as controls (not shown). Signal intensity of GFP was normalized to corresponding β-actin signal intensity for quantitative comparison. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by Student's two-tailed unpaired t-test. 
CNS tropism of mouse-selected AAV-B1 extends to a large animal species
Several novel therapies have been tested in feline models of neurological disorders prior to clinical trials. [46] [47] [48] [49] To investigate whether the CNS tropism of mouse-selected AAV-B1 is reproducible in a large animal species relevant to translational research, we infused AAV-B1 vector systemically into a normal juvenile cat through the carotid artery. We observed relatively sparse but widespread neuronal gene transfer throughout the cat brain ( Figure 5) . Mirroring the neuronal transduction pattern in mouse, AAV-B1 transduced neurons in the cat cerebral cortex, striatum, hippocampus, thalamus and Purkinje neurons in the cerebellum (Figure 5a ). In addition, we observed transduced motor neurons throughout , exocrine cells and ductal cells (identified by morphology). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by Student's two-tailed unpaired t-test. 
Biophysical characteristics of AAV-B1
AAV-B1 differs from AAV8, its closest parental capsid, by 19 amino acids (A24D, Q84K, A98V, L129F, P148Q, R152E,  T157S, S223N, L235M, A268S, Q412E, T414S, T416Q, T452S,  N458R, T461Q , G463L, G467A, and F502S) (Supplementary Figure S4) . Structural modeling of AAV-B1 capsid based on the AAV8 template showed that most amino acids in VP3 that differ between the two capsids cluster in two regions, the βG strand (Q412E, T414S, T416Q) and the VR-IV loop (T452S, T461Q, G463L, and G467A) that were apparently derived from the AAVrh10 cap gene. The A268S substitution in the VR-I loop is a small side chain residue in representative AAV serotypes and is considered a conservative change. All surface exposed residues in VR-IV were of AAVrh10 origin except for N458R, which is not identified with any representative AAV genotypes (Figure 6a,b) . Despite the high degree of homology between AAV-B1 and AAV8, we confirmed that AAV-B1 and AAV8 have distinct biodistribution profiles after systemic infusion in adult mice (Supplementary Figure S5) . Pre-existing humoral immunity is a major challenge for AAVbased clinical gene therapy. 50 We used a pooled human immunoglobulin-G (IVIG) neutralization assay to assess the ability of AAV-B1 to transduce cells in the presence of anti-AAV antibodies. We found AAV-B1 to be modestly, yet significantly more resistant to neutralization than AAV9 at all concentrations tested (Figure 6c, Supplementary Figure S6) .
To determine whether AAV-B1 uses the same cell-surface receptor as AAV9 given the shared CNS and muscle tropism, we performed cell binding assays using parental (Pro5) and sialic aciddeficient (Lec2) Chinese hamster ovary (CHO) cells. Surface exposed sialic acid residues allow for binding of capsids such as AAV1 (ref. 
DISCUSSION
Treatment of diffuse and multifocal neurological pathologies by direct intraparenchymal injection is unlikely to lead to even distribution of the therapeutic molecule in the CNS, even with the use of advanced infusion techniques such as convection enhanced delivery, 51 or by injection into axonally connected structures. [52] [53] [54] [55] In contrast, a single systemic infusion of AAV-B1 can mediate gene transfer to neuronal populations in multiple structures throughout the CNS, making it an attractive candidate for development of AAV-based gene therapies for neurological disorders. AAV-B1 is demonstrably superior to AAV9 for CNS transduction (approximately one log higher). Our observation that intravascular delivery of 1 × 10 14 vg/kg AAV9 vector resulted in transduction of <10% of spinal cord motor neurons, is supported by some 
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Heart Quadriceps reports, 12, 14 but is considerably lower than other estimates. 21 One possible reason of such discrepancy could be that GFP expression from the weak intron-less CBA promoter is below the detection limit of our immunohistochemical (IHC) method. Another important characteristic of AAV-B1 is the consistency of panneuronal transduction in both mouse and cat brain, as numerous naturally occurring models of neurodegenerative diseases in the latter intermediate size species are often used in the translation of proof-of-concept experiments in mice to clinical trials in humans. It is important to cautiously note here however that data from cats need not translate to larger species such as non-human primates and ultimately humans. Further, a dose of 1 × 10 14 vg/kg corresponds to 6.5 × 10 15 vg for a 65 kg adult human, an onerous scale of production with current technology of GMP-compliant AAV production.
In addition to being extremely potent for CNS gene transfer as expected from the screening strategy of this study, AAV-B1 is also highly effective for gene transfer to a number of peripheral tissues including skeletal muscle, heart, and lung. The broad transduction profile of AAV-B1 suggests several gene therapy applications, including those for systemic correction of monogenic neurometabolic disorders, muscular dystrophies and diabetes, as well as disorders involving the alveolar epithelium such as surfactant deficiencies. One such potential therapy application is for Pompe disease, a lysosomal storage disease that manifests as muscular atrophy, cardiorespiratory failure and glycogen storage in motor neurons. 56 AAV9 has limited therapeutic effect in adult Pompe disease mice, 57 possibly due to inefficient mannose-6-phosphate receptor-mediated enzyme uptake in skeletal muscle 58 and insufficient AAV9 gene transfer efficiency. In addition, the unique retinal vasculature transduction profile of AAV-B1 may be useful for gene therapy of ocular vascular disorders like diabetic retinopathy and wet age-related macular degeneration. The higher resistance of AAV-B1 to preexisting neutralizing antibodies in pooled human sera suggests that systemic gene therapies based on this new capsid may be applicable to a broader population of patients. However, in the future, a more extensive profiling of the AAV-B1 capsid using individual patient sera, lower gc/cell of vector, and a more sensitive reporter such as firefly luciferase should be performed to more accurately determine the prevalence of AAV-B1 neutralizing antibodies in humans.
The isolation of AAV-B1 is the first instance where an AAV capsid capable of crossing a noncompromised blood-brain barrier (BBB) has been selected from a chimeric capsid library. While the AAV-B1 capsid was selected at the lower library dose, it does not exclude the possibility of stochastic selection. This could theoretically be resolved by repeating the selection to isolate the same or homologous capsid variants. An argument against AAV-B1 being selected stochastically, however, is the greater VP3 protein homology between brain-selected capsids compared to liver-resident variants, which suggests a structure-function relationship. One or more of the amino acid differences in surface-exposed domains of AAV-B1 and AAV8 likely account for the difference in tropism between these highly homologous capsids, although the present lack of structural data for AAV VP1 and VP2 N-terminal regions 25, 26 makes it difficult to speculate about the contribution of the numerous amino acid differences found in those regions to overall tropism. At the cell entry level, AAV-B1 appears to use neither sialic acid nor galactose preferentially as its cell surface receptor, similar to AAV8 whose primary receptor remains unknown. Recently, an essential receptor for AAV infection, AAVR (type I transmembrane protein, KIAA0319L) was identified. 59 AAVR serves as a critical receptor for infection of all tested serotypes, including AAV8, and thus it is likely that AAV-B1 infection would depend on AAVR. Protocols for purification of AAV-B1 for clinical purposes can be established by generating immunoligands based on camelid-derived single-domain antibody fragments (as are commercially available for AAV9 affinity matrix purification) by llama-derived phage display library screening, or by currently established anion exchange chromatography-based GMP-compliant method to prepare clinical grade AAV8 vectors. 60 Further biophysical studies for this capsid may shed light on the unique biological properties of AAV-B1.
In conclusion, AAV-B1 is a novel capsid for CNS as well as global gene therapy, with potential for clinical development.
MATERIALS AND METHODS
Library construction. PCR-based DNA shuffling was performed similar to a previously described protocol. 61 Capsid open reading frames from AAV1, 2, 4, 5, 6, 8, 9, rh8, rh10, rh39, and AAVrh43 were PCR amplified with primers designed to insert unique HindIII and XbaI sites at the 5' and 3' end of cap gene, respectively, cloned into an universal vector (Zero Blunt TOPO, Life Technologies, Grand Island, NY) and digested with HindIII and XbaI. Equimolar amounts of the resulting digested cap fragments were mixed together and fragmented with DNase I (Roche Diagnostics, Mannheim, Germany). Fragments less than 500 bp in length were gel purified and assembled by cycling 250 ng of purified DNA using Taq polymerase (Platinum Taq DNA Polymerase High Fidelity, Thermo Scientific, Rockford, IL). Cycling conditions were as follows: 94 °C, 5 minutes; 35 cycles of (94 °C, 30 seconds; slow ramping from 65 to 41 °C over 10 minutes; 72 °C, 4 minutes); 72 °C, 7 minutes. Chimeric cap genes were amplified from assembled DNA (Extensor Long Range PCR Enzyme, Thermo Scientific), digested with HindIII and XbaI and subcloned into pSub201 packaging plasmid digested with the same restriction enzymes. Shuffled plasmid library was generated by transformation of the subcloned library into high efficiency bacterial cells (MegaX DH10B T1 electrocompetent cells, Thermo Scientific), followed by isolation of plasmid DNA. Maximum theoretical diversity of plasmid library was calculated based on colony counts obtained from representative aliquot of bacteria transformed with plasmid library.
Packaging of the viral library was done as previously described. 35 Briefly, HEK293T cells grown in 150 mm dishes were transfected with 4 ng shuffled plasmid library and 25 µg each of pBluescript and pFΔ6 adenoviral helper plasmid using HEPES-buffered saline/calcium chloride cotransfection method. Seventy-two hours after transfection, cells were harvested and viral library was purified by iodixanol-gradient ultracentrifugation, 62 100 kDa molecular weight cutoff concentration and dialysis in 1× phosphate buffer saline (PBS). DNase-resistant vector genome titer was determined by quantitative PCR (qPCR). Details of virus purification and titration are provided in a subsequent section.
In vivo library selection. 1 × 10 11 or 5 × 10 11 vector genomes of viral library were infused into adult 6-8-week-old male C57BL/6J mice through intravenous route (tail vein) (N = 1). Three days after infusion, mice were euthanized, and brain and liver harvested. Total DNA were isolated using DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany) and tissue-resident capsid genes were amplified by nested PCR using primers designed to bind to 5' and 3' ends of cap region. Nucleotide and amino acid alignment and homology quantification were performed using Geneious (Biomatters, Auckland, New Zealand).
Vector particle production and titer quantification. The selfcomplementary AAV-CBA-GFP vector used in these studies carries an expression cassette comprised of the CBA promoter without an intron to drive expression of GFP and a rabbit β-globin poly-adenylation signal.
To generate AAV vectors, HEK293T cells were cotransfected with the following mix of plasmids using the calcium phosphate precipitation method: 7.96 µg transgene plasmid, 25.6 µg adenoviral helper plasmid pFΔ6, 12.2 µg AAV-B1 or AAV9 rep-cap packaging plasmid, per 2.1 × 10 7 cells plated. Seventy-two hours post-transfection, cells were harvested and cell lysates prepared by three cycles of freeze-thawing and treated with Benzonase (Sigma-Aldrich, St. Louis, MO) (50 U/ml cell lysate, 37 °C, 30 minutes). AAV was purified from cell lysates by iodixanol density-gradient ultracentrifugation (Optiprep density-gradient medium, Axis-Shield, Oslo, Norway). Residual iodixanol was removed by replacing with Buffer B (20 mmol/l TRIS, 0.5 mol/l NaCl, pH 8.5) using a 100 kDa molecular weight cutoff centrifugation device (Amicon Ultra-15, Merck Millipore, Cork, Ireland) by three rounds of centrifugation at 1,500× g and dialyzed twice using a 10,000 molecular weight cutoff dialysis cassette (Slide-A-Lyzer, Thermo Scientific, Rockford, IL) against a 1,000-fold volume of#8232;PBS for >2 hours and once overnight at 4 °C. After treatment of stocks with DNase I (Roche Diagnostics GmbH, Mannheim, Germany, 2 U/µl vector, 37 °C, 30 minutes), the titer of AAV vectors was determined by real-time quantitative PCR (qPCR) using probe and primers specific for the rabbit β-globin polyA sequence (Integrated DNA Technologies, Coralville, IA).
Vector administration and tissue processing. The Institutional Animal Care and Use Committees at the University of Massachusetts Medical School and Auburn University reviewed and approved all experiments in mice and cats, respectively, in compliance with guidelines from the National Institutes of Health.
AAV vectors were administered via the tail vein in a volume of 200 µl into 6-8-week-old male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME). A dose of either 5 × 10 11 or 2 × 10 12 vector genomes (vg)/mouse was administered for immunochemical studies, while a dose of 5 × 10 11 vg/ mouse was administered for biodistribution analysis.
For immunochemical studies of CNS and GFP fluorescence studies of liver, mice injected at a dose of 2 × 10 12 vg/mouse were trans-cardially perfused at 4 weeks postinjection first with ice cold 1× PBS, followed by 4% paraformaldehyde solution (Fisher Scientific, Fair Lawn, NJ). Tissues were harvested and postfixed in 4% paraformaldehyde solution at 4 °C for an additional 24 hours. Postfixed tissues were transferred to 30% sucrose in 1× PBS for cryoprotection. Tissues were embedded in Tissue-Tek O.C.T. compound (Sakura Finetek, Torrance, CA) and frozen in a dryice-isopentane bath and stored at −80 °C. For all other immunochemical and GFP fluorescence analysis, mice injected at a dose of 5 × 10 11 vg/mouse were trans-cardially perfused at 4 weeks postinfusion with ice-cold 1× PBS. Retinas were removed prior to perfusion. Lungs were inflated in 0.5% low melting point agarose in 10% formalin-PBS solution postperfusion.
For biodistribution analysis, mice were trans-cardially perfused at 4 weeks postinfusion with ice-cold 1× PBS. Tissues were harvested immediately, frozen on dry ice, and stored at −80 °C.
Cat studies. AAV-B1 vector was packaged and purified as described earlier, and administered through the carotid artery into a 2-month-old normal domestic short haired cat at a dose of 3.4 × 10 12 vg. At 4 weeks postinfusion, the injected cat was trans-cardially perfused with cold 1× PBS. Various tissues were harvested and fixed in 4% paraformaldehyde solution at 4 °C. The brain was cut into 0.6 cm coronal blocks prior to immersion in fixative. Processing of postfixed brains and spinal cords for IHC studies was identical to that for mouse studies. For GFP immunofluorescence studies, 30 µm sections of liver, skeletal, and cardiac muscle were incubated for 24 hours in rabbit polyclonal anti-GFP (1:1,000, Life Technologies, A11122) at 4 °C. After washing in 1× PBS, sections were incubated for 1 hour at room temperature in appropriate secondary antibodies, washed in 1× PBS and mounted using Permafluor mounting media (Thermo Scientific).
Immunohistochemical detection of GFP expression. For chromogenic IHC, 40 µm serial sections of brains and 30 µm serial sections of spinal cord were incubated for 96 hours in anti-GFP primary antibody (ABfinity rabbit monoclonal anti-GFP 1:1,000, G10362, Life Technologies, Grand Island, NY) at 4 °C. After washing with 1× PBS, sections were incubated in appropriate biotinylated secondary antibody (biotinylated anti-rabbit antibody, Vector Laboratories, Burlingame, CA), followed by incubation in ABC reagent (PK-6100, Vector Laboratories). Sections were developed with 3,3′-diaminobenzidine reagent according to the manufacturer's instructions (SK-4100, Vector Laboratories), dehydrated with increasing concentrations of ethanol, cleared with xylene and mounted using Permount mounting medium (Fisher Scientific).
For immunofluorescence studies, 40 µm sections of brains and 30 µm sections of spinal cord were incubated for 24 hours in a cocktail of appropriate primary antibodies at 4 °C. The primary antibodies used were: rabbit polyclonal anti-GFP (1:1,000, Life Technologies, A11122), chicken polyclonal anti-GFP (1:2,000, Abcam, Cambridge, MA, ab13970), mouse monoclonal anti-NeuN (1:500, EMD Millipore, Billerica, MA, MAB377), mouse monoclonal anti-DARPP32 (1:250, BD Biosciences, Franklin Lakes, NJ, 611520), mouse monoclonal anti-tyrosine hydroxylase (1:100, EMD Millipore, MAB318), mouse monoclonal anti-calbindin-D-28K (1:500, Sigma, St. Louis, MO, C9848), mouse monoclonal anti-APC (1:1,000, EMD Millipore, OP80) and rabbit polyclonal anti-CD31 (1:50, Abcam, ab28364). After washing in 1× PBS, sections were incubated for 1 hour at room temperature in appropriate secondary antibodies, washed in 1× PBS and mounted using Permafluor mounting media (Thermo Scientific). Native GFP fluorescence in liver and muscle groups was analyzed in 30 µm formalin-fixed sections, and 10 µm frozen sections, respectively. 7 µm formalin fixed pancreatic sections were analyzed with the following primary antibodies: rabbit polyclonal anti-GFP (1:1,000, Life Technologies, A11122), and guinea pig polyclonal anti-insulin (1:200, Abcam, ab7842). GFP expression in 10 µm formalin fixed lung sections was detected by chromogenic IHC after 24 hours incubation with rabbit polyclonal anti-GFP antibody (1:1,000, Life Technologies, A11122). Retinas were immunochemically processed as previously described (Punzo 2009), using rabbit polyclonal anti-GFP (1:1,000, Life Technologies, A11122). All images were captured on a Leica DM5500 B microscope (Leica Microsystems, Buffalo Grove, IL), except the muscle groups, which were imaged on a Zeiss microscope with Axiocam system. Postprocessing of images was performed using Adobe Photoshop CS6 (Adobe Systems, San Jose, CA).
Quantification of GFP-positive neurons in motor cortex, striatum, and thalamus. Chromogenic IHC staining of 40 µm mouse brain sections was performed as described in an earlier section. Four 663.28 × 497.40 µm regions were randomly chosen from the motor cortex, striatum or thalamus (n = 4 biological replicates per vector) of the stained sections. Neurons were identified by their morphology and manually counted. Motor neurons in thoracic spinal cord sections were additionally identified by their location (in laminae VIII and IX). All statistical analyses were performed using GraphPad Prism (GraphPad Software, La Jolla, CA). Total neurons in the 663.28 × 497.40 µm fields were counted in Nissl (cresyl violet acetate) stained brain sections using ImageJ software (National Institutes of Health, Bethesda, MD). Significance was determined by Student's unpaired twotailed T-test. A P < 0.05 was considered to be significant. Biodistribution analysis. Vector genome copy numbers from various mouse tissues were determined by qPCR after extraction of total DNA using DNeasy Blood and Tissue kit (Qiagen). Tissues were mechanically lysed using TissueLyzer II (Qiagen). Vector genome content in each tissue was determined using 100 ng total DNA using the same qPCR method described above for AAV vector titration. All statistical analyses were performed using GraphPad Prism (GraphPad Software). Significance was determined by Student's unpaired T-test. A P < 0.05 was considered to be significant.
Western blotting to assess GFP protein levels in various tissues was performed as follows. Total protein for western blotting was isolated from harvested tissues by bead lysis in T-PER tissue extraction reagent (Life Technologies) and quantified by Bradford assay. Total protein (20 µg) was separated by polyacrylamide gel electrophoresis using 4-20% Mini-PROTEAN TGX gels (Bio-Rad Laboratories, Hercules, CA) followed by transfer to nitrocellulose membranes and detection using primary antibodies for GFP (chicken polyclonal anti-GFP, 1:2,000, Aves Labs, Tigard, OR, GFP-1010) and mouse β-actin (mouse monoclonal anti-β-actin, 1:1,000, Sigma-Aldrich, A5441). Detection was done using appropriate IRDye secondary antibodies (LI-COR, Lincoln, NE). Tissues from four mice per group were used for analysis. Detection and quantification were done with Odyssey infrared imaging system (LI-COR).
Structural analysis. Alignment of AAV-B1 capsid protein sequence with parental serotypes was carried out using Cobalt Constraint-based Multiple Protein Alignment Tool.
The capsid sequence ordering was arranged using Chimera (http:// www.cgl.ucsf.edu/chimera) in descending percent identities referenced to AAV8. The 3D model of AAV-B1 was generated using SWISS MODEL subroutine 63 based on coordinates from the AAV8 crystal structure 64 (PDB accession no. 2QA0) as a template. Surface mapping was performed using Pymol (http://www.pymol.org).
Antibody neutralization assay. Anti-AAV neutralization assay was performed as previously described. 65 Briefly, AAV vectors were mixed with varying concentrations of Gammagard S/D purified intravenous immunoglobulin (IVIg), (Baxter, Deerfield, IL, gift from Dr. Luk H. Vandenberghe, Harvard Medical School, MA) in serum-free media, incubated for 1 hour at 37 °C and then added to HeLa cells at 3.5 × 10 4 v.g./cell at 37 °C. AAV incubated with PBS (no IVIg) served as control. Ninety minutes later, cells were washed thrice with cold serum-free media and replacing with complete media, cells were incubated for 48 hours prior to trypsinization and preparation for flow cytometry. Cell samples were analyzed for GFP expression using the blue laser of a BD LSR Fortessa flow cytometer (San Jose, CA) running BD FACSDiva software (v6.1.3). Flow data were analyzed using FLOWJo software (FLOWJo, LLC, Ashland, OR). To calculate % transduction of control for the samples mixed with IVIg, we calculated fluorescence index (FI), for each sample. FI was calculated by multiplying the % GFPpositive cell values with the mean fluorescence intensity for each sample. We then divided the FI of the samples in the presence of IVIg to the FI of the samples in the control media to calculate % transduction of control.
In vitro binding assay. Pro5 and Lec2 CHO cell lines were gifts from Dr. Aravind Asokan (University of North Carolina, Chapel Hill, NC) and binding assay was performed as previously described. 29 Briefly, cells were prechilled for 30 minutes at 4 °C in serum-free Dulbecco's Modified Eagle , and 5 × 10 4 vg/cell in cold serum-free DMEM at 4 °C. Ninety minutes later, cells were washed thrice with cold serum-free DMEM to remove loosely bound vector particles. Cells incubated with vehicle (1× PBS in cold serum-free DMEM) were used as controls (0 vg/cell). Cells were harvested and total DNA was extracted using DNeasy Blood and Tissue kit (Qiagen). Vector genome copy numbers of cell surface bound virions was quantified by qPCR as described earlier.
Binding curves were generated using GraphPad Prism software by fitting the single-site binding model, as described in a previous report. Figure S1 . Chimeric nature of packaged viral library. Figure S2 . Transduction profile of AAV-B1 and AAV9 vector across multiple CNS regions after systemic delivery. Figure S3 . Phenotype of GFP positive cells in CNS after systemic delivery of AAV-B1. Figure S4 . Comparison of AAV-B1 capsid protein sequence to AAV8 and other natural AAV isolates. Figure S5 . Biodistribution profile of AAV-B1 and AAV8 vectors infused systemically at 5x1011 vg. Figure S6 . Antibody resistance assay comparing AAV9 and AAVB1.
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